Exposure of quiescent cultures of Swiss 3T3-D1 cells to bovine brain acidic fibroblast growth factor (FGF) enhanced phosphorylation of a 31-kDa protein tentatively identified as 40S ribosomal subunit S6 (S6). Soluble extracts from FGF-treated as compared with quiescent fibroblasts exhibited up to 3-fold higher kinase activity towards S6 in exogenously added rat liver 40S ribosomes and a synthetic peptide, RRLSSLRA. This peptide was patterned after a phosphorylation site sequence in S6 and was phosphorylated with an apparent Km corresponding to 0.18 mM. Optimal activation of the S6 kinase with pure mitogen at 10 ng/ml occurred within 15 to 20 min exposure to FGF. Half-maximal stimulation of the FGF-induced S6 kinase was attained with FGF at 0.4 ng/ml. 
blasts exhibited up to 3-fold higher kinase activity towards S6 in exogenously added rat liver 40S ribosomes and a synthetic peptide, RRLSSLRA. This peptide was patterned after a phosphorylation site sequence in S6 and was phosphorylated with an apparent Km corresponding to 0.18 mM. Optimal activation of the S6 kinase with pure mitogen at 10 ng/ml occurred within 15 to 20 min exposure to FGF. Half-maximal stimulation of the FGF-induced S6 kinase was attained with FGF at 0.4 ng/ml. The S6 kinase in crude extracts utilized both [y-32P]ATP (apparent Km = 6-8 ,LM) and [y-32P]GTP (apparent Km = 3 ,uM), but the ability to utilize GTP was lost after partial purification of the kinase. The FGF-stimulated kinase had an apparent Mr of about 95,000 as determined by chromatography on Sephacryl S300 but appeared to be retarded on TSK 400 HPLC columns, since it eluted with an apparent Mr of 29,000. Treatment of Swiss 3T3 cells with the tumor promoter phorbol 12-myristate 13-acetate (PMA) activated the FGF-stimulated S6 kinase. However, protein kinase C was not required to mediate the FGF activation of the S6 kinase, as FGF still evoked a two-fold activation of the S6 kinase in phorbol ester-pretreated, protein kinase C-depleted cells.
Phosphorylation of 40S ribosomal subunit S6 (S6) on at least five serine residues can be triggered by a variety of mitogenic stimuli including growth factors, transforming gene products, and tumor promoters (1) (2) (3) (4) (5) (6) . Soluble extracts from insulin, epidermal growth factor, and fetal calf serum-treated cells exhibit elevated kinase activity towards reconstituted S6 (7) (8) (9) (10) (11) . It is unclear whether one or more S6 kinases are involved, since S6 can be phosphorylated by as many as nine distinct protein-serine kinases in vitro (11) (12) (13) (14) (15) (16) (17) (18) . However, ion-exchange chromatography studies with extracts from chicken embryo fibroblasts infected with Rous sarcoma virus or exposed to phorbol 12-myristate 13-acetate (PMA) or 10% calf serum have implied that a unique S6 kinase may be activated by these diverse treatments (10) . The S6 kinase remains to be purified from a mammalian source. Fractionation and characterization ofthe stimulated S6 kinase activity in cytosol have been hampered by its strict specificity for S6 (18) . In this report, we have utilized a synthetic peptide based on a sequence corresponding to one of the phosphorylation sites of S6 as a convenient substrate for a mitogen-responsive S6 kinase (19, 20) . This S6 kinase was activated when quiescent mouse fibroblasts were exposed to either the acidic or the basic form of fibroblast growth factor (FGF). Although anionic and cationic FGF are distinct polypeptides, they appear to compete for a common 165-kDa receptor on Swiss 3T3 cells with equal affinity (21) . How the binding of FGF to its receptor culminates in activation of the S6 kinase remains obscure, but the cascade can proceed via protein kinase C-independent mechanisms.
EXPERIMENTAL PROCEDURES

Materials
Acidic and basic FGF were purified to homogeneity from bovine brain (21 Unless stated otherwise, all kinase assays contained 400 nM TTYADFIASGRTGRRNAIHD peptide (22, 23) (25) . Details concerning electrophoresis and gel filtration are provided in the figure legends.
RESULTS AND DISCUSSION Phosphorylation of Ribosomal S6. Ribosomal S6 undergoes multiple serine phosphorylation in quiescent fibroblasts exposed to platelet-derived growth factor, epidermal growth factor, insulin, insulin-like growth factor-1, PMA, and prostaglandin F2a (1) (2) (3) (4) (5) 26 (7) (8) (9) 18) . Cytosolic extracts prepared from acidic FGFtreated cells in the presence of added 40S ribosomes and [t-32P]ATP displayed a 3.1 ± 0.9 (SD; n = 4)-fold increase in exogenous S6 phosphorylation (Fig. 1, lanes 3 and 4) . The FGF-stimulated S6 kinase activity was also supported by [y-32P]GTP [2.4 ± 0.5 (SD; n = 4)-fold activation compared with extracts from quiescent non-treated cells; data not shown]. Inhibition of endogenous cAMP-dependent protein kinase-catalytic subunit activity with a synthetic peptide (TTYADFIASGRTGRRNAIHD) corresponding to the Nterminal third of the heat stable cAMP-dependent protein kinase inhibitor (22, 23) did not appreciably reduce the extent of the FGF-stimulated S6 phosphorylation with either nucleotide triphosphate (Fig. 1, lanes 5, 6 , and not shown). S6 phosphorylation by cell-free extracts of FGF-treated fibroblasts was unaffected by heparin at 1 ,g/ml but was abolished with heparin at 30 ,g/ml as well as by 50 mM NaF, 10 mM N-ethylmalemide, and 2.5 mM MnCl2. Phosphorylation of the Synthetic Peptide RRLSSLRA. Rat hepatic ribosomal protein S6 has been partially sequenced for a region that contains the major phosphorylation sites for cAMP-dependent protein kinase and one of the insulinstimulated phosphorylation sites (19) . A synthetic peptide, Arg-Arg-Leu-Ser-Ser-Leu-Arg-Ala (RRLSSLRA), based upon this sequence has been shown to be a substrate for cAMP-dependent protein kinase and a trypsin-activated kinase (20) . The latter may be the Ca2l-dependent phospholipid-stimulated protein kinase C, since this kinase also phosphorylates the peptide (27) . While the first serine residue is the preferred site for cAMP-dependent protein kinase, insulin appears to modulate the phosphorylation of the adjacent serine (19) . Hence, we were interested in the possibility that RRLSSLRA might serve as a convenient substrate for the FGF-activated S6 kinase. The peptide TTYADFIASGRTGRRNAIHD was used to inhibit the endogenous cAMP-dependent kinase activity towards RRLSSLRA, while the presence of EGTA prevented activation of protein kinase C. (Fig. 4) . Maximal stimulation of RRLSSLRA phosphorylation with [y-32P]ATP by 10 ng/ml of the growth factor was evident within 15 to 20 min exposure to FGF (Fig. 4A) . Half maximal activation of peptide phosphorylation was achieved with acidic FGF at 0.4 ng/ml (Fig. 4C) Fig. 4B and D) . The rate at which FGF evoked optimal stimulation was comparable to the reported time course of activation of the S6 kinase in 3T3 cells by epidermal growth factor (8 extracts with [y-32PIATP. A FGF-induced RRLSSLRA phosphorylating activity eluted with an apparent Mr of 95,000 ± 8,000 (SD; n = 3) from Sephacryl S300 columns (Fig. SA) . By contrast, this same kinase emerged from TSK-400 HPLC columns with an apparent size corresponding to 29 ± 3 (SD; n = 4) kDa (Fig. 5B) . Some ofthe RRLSSLRA kinase activity from fractionated quiescent cell extracts could be accounted for by the 3-5% residual cAMP-dependent protein kinasecatalytic subunit activity that was not completely abolished by the inhibitory peptide and coeluted with the FGF-induced RRLSSLRA kinase from TSK-400 columns. No FGF-stimulated RRLSSLRA phosphorylating activity with [y_32P]GTP as the nucleoside triphosphate substrate could be demonstrated with cytosolic extracts fractionated on Sephacryl S300 or TSK-400 columns (not illustrated). Thus it would appear that peptide phosphorylation by cytosol with [y-32P]GTP may have involved an intermediate reaction. As only one FGF-regulated kinase peak could be resolved by the two gel filtration resins, and this kinase appeared to interact with the TSK-400 gel, it seemed likely that a unique S6 kinase was sensitive to mitogenic simulation.
Many of the features of the 3T3 cell FGF-responsive S6 kinase correlated with a 92-kDa kinase that is highly selective for S6 and has recently been purified from frog eggs (18) . We have determined that the Xenopus oocyte S6 kinase shares identical chromatographic properties with the 3T3 cell S6 kinase on Sephacryl S300 and TSK-400 columns. The RRLS-SLRA phosphorylating activity of the amphibian S6 kinase can be stimulated up to eight-fold when oocytes are induced with progesterone to undergo germinal vesicle breakdown (unpublished work; S.L.P., E.G.K., M. Cicirelli). (10) (28) , although acidic FGF has not been tested. There is as yet no direct evidence that either FGF alters tyrosine protein phosphorylation in responsive cells (29) . Consequently, it was feasible that protein kinase C activation initiated by FGF-induced phosphatidyl-phosphoinositol breakdown led to stimulation of the S6 kinase, possibly via direct phosphorylation by protein kinase C.
Blackshear et al. (6) have reported that protein kinase C in 3T3 cells can be almost completely down-regulated by prolonged exposure to phorbol esters. Such protein kinase C-deficient cells should be incapable of enhanced S6 kinase activity in response to FGF if protein kinase C served as the sole link.
The RRLSSLRA phosphorylating activity with [y-32P]ATP was examined in soluble extracts from quiescent cells (A), cells exposed to 100 nM PMA for 10 min (B), and cells pretreated with 5 /iM PMA for 15 hr without (C) and with (D) acidic FGF at 10 ng/ml during the last 20 min prior to harvest.
The specific kinase activities (pmol min-1 mg-1; + SEM of three sets of pooled cells) were (A) 28.5 ± 1.5, (B) 55.5 ± 2.1, (C) 22.5 ± 0.5, and (D) 46.5 ± 0.9, respectively. Similar trends were obtained with S6 in 40S ribosomes (data not shown). Moreover, in protein kinase C-depleted 3T3-L1 fibroblasts, impure basic FGF but not PMA stimulated phosphorylation of a 31-kDa protein, tentatively identified as S6 (6) . Other responses to FGF in 3T3 cells such as enhanced phosphorylation of a 22-kDa protein (6), Ca2+ mobilization, and induction of DNA synthesis (28, 30) are also preserved in protein kinase C-deficient cells. Consequently, FGF responses can be mediated via protein kinase C-independent pathways. Although the acidic form of FGF was more thoroughly examined, the effect of the 19-kDa bovine brain basic FGF on S6 kinase activity was also investigated in this study in addition to the experiments detailed above. Both FGFs produced comparable activation of the S6 kinase with respect to mitogen dose, time, and fold stimulation (not shown). These data are consistent with the finding that both factors compete for a common 165-kDa receptor on 3T3-D1 fibroblasts (21) . The binding constants and ED50 values for stimulation of [3H]thymidine incorporation into DNA corresponded to approximately 0.7 ng/ml for both acidic and basic FGF (21) which is comparable with the ED 0 value derived here for half-maximal stimulation of the S6 kinase (0.4 ng/ml, Fig. 4 C and D) .
The early events in the cascade that are initiated upon FGF binding to its receptor remain obscure. Apparently, FGFinduced phosphatidyl-phosphoinositol turnover is not mandatory for activation of the S6 kinase. Since platelet-derived growth factor, insulin, insulin-like growth factor-1, and epidermal growth factor stimulated the protein-tyrosine kinase activities of their respective receptors and similarly activate an S6 kinase, it may be that the FGF receptor is closely linked with a protein-tyrosine kinase activity.
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